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Tuesday, February 5, 2013 527a5-bisphosphate carboxylase/oxygenase (RuBisCO). The challenge associated
with structure and functional investigation of Rca can be attributed to its excep-
tionally low thermo-stability, high degree of size polydispersity and tendency
toward subunit aggregation.
In this work we have successfully employed fluorescence fluctuation methods
to study the nucleotide-dependent stoichiometry of fluorescently tagged Rca for
a wide range of concentrations. Our results show a stepwise assembly pathway
of Rca under different assay conditions. In presence of Mgþ2 -ADP, the olig-
omerization state of Rca is largely dominated by monomers at concentrations
below 0.5 mM. The state of oligomerization gradually changes in steps of
two subunits. The most probable model for this assembly supports the dissoci-
ation coefficients of ~4, 1, 1 mM for the monomer-dimer, dimer-tetramer and
tetramer-hexamer equlibria respectively. Continued assembly at even higher
concentrations suggests self association through the formation of spiral ar-
rangements that grow along the helical axis.
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Single molecule photobleaching is a powerful tool for determining the stoichi-
ometry of protein complexes. By attaching fluorophores to proteins of interest,
the number of associated subunits in a complex can be deduced by imaging sin-
gle molecules and counting fluorophore photobleaching steps. Since some
bleaching steps might be unobserved, the ensemble of bleaching steps will
be binomially distributed and it has been commonly assumed that the highest
number of observed bleaching steps is indicative of the stoichiometry of the
complex. However, we point out that inferring the true composition of a com-
plex from such data is non-trivial because binomial processes are ill-posed. As
a result, there may be a significant probability that the true complex is larger
than the data indicate simply due to finite sample size and the variance of bi-
nomial processes. Because of this possibility, calculating likelihoods to estab-
lish parameter confidence can be misleading. What is needed is a reliable
method to quantify one’s conclusions about stoichiometry. We present a Monte
Carlo method which does not rely on likelihood calculation and provides a re-
liable estimate of confidence. The formalization and methods presented here
provide a rigorous analytical basis to this pervasive experimental tool.
Biosensors
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Nanopores are fast becoming a major scientific tool in molecular analysis and
detection due to their ability to detect polynucleotides, proteins, and small mol-
ecules. Previous work has included the manipulation of a-hemolysin into
a DNA sequencing pore however further development is needed for the use
of a simple, monomeric pore for this purpose.
Biomimetic modelling of nanopores allows for a specific function to be built
into the model based on the replication and analysis of existing selectivity pres-
ent in proteins.
An initial analysis of known porin structures using computational techniques
(pore radius profiles and electrostatic calculations) has identified potential
structures for manipulation. Steered Molecular Dynamics simulations on a se-
lect number of membrane proteins have given insight into possible residue mo-
tifs of interest. With this, ‘‘simple protein’’ pores have been made with varying
number of beta strands based on models of existing barrel proteins. Motifs have
been modelled for exploration via MD simulations.
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Studies on the ejection of viral genomes from capsids use osmotic stress to push
a DNA molecule into the viral capsid by the action of PEG in solution. Identi-
ties of the polymer forced into the nano-cavity (DNA) and the polymer pushing
it (PEG) differ. We analyze a variation on the problem with a simple model of
a binary polymer mixture and find that polymer size dependent partitioning into
a pore also has a complex dependence on the composition of the polymer mix-
ture and the pore-penetration penalty. We analyze a polydisperse polymersolution of big and small polymer chains (bPEG and sPEG, respectively) of
which only the sPEG is allowed to pay an energy penalty and enter the pore.
We introduce an ansatz for the free energy of the polymer mixture that is con-
sistent with our previous phenomenological fit to the equation of state of bulk
uncharged polymers. We then analyze the osmotic pressure of this solution in
equilibrium with a pore for various amounts of sPEG. Calculating the corre-
sponding partition coefficient allows us to assess the pushing forces exerted
by the external polymer solution via its osmotic pressure and ascertain that
some polymers can push others to enter the pore in a kind of osmotic tug-of-
war. We find that pore penetration is governed by two different penetration
free energy scales. One scale represents the osmotic pushing strength of the ex-
ternal polymer mixture. The other scale comprises the interplay between the
pore energy penalty and the translational mixing entropy (van’t Hoft) and con-
figurational (des Cloizeaux) fluctuations of the external solution. This principle
should have applications in many areas of nano-science dealing with partition-
ing of polymer chains into small enclosures.
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We describe a platform for sequence-specific nucleic acid (NA) detection uti-
lizing a micropipette tapered to a 2 mm diameter pore and 3 mm diameter poly-
styrene beads to which uncharged peptide nucleic acid (PNA) probe molecules
have been conjugated. As the target NAs hybridize to the complementary PNA-
beads, the beads acquire negative charge and become electrophoretically mo-
bile. An applied electric field guides these NA-PNA-beads toward the pipette
tip (Figure left), which they obstruct, leading to an indefinite, electrically de-
tectable, partial blockade of the pore (Figure right). In the presence of non-
complementary NA, even to the level of single base mismatch, permanent
pore blockade is not seen. We show appli-
cation of this platform to detection of the
anthrax lethal factor sequence. We are
currently working to reduce the concentra-
tion limit of detection through the use of
longer target ssDNA oligomers.
L. Esfandiari et al., J. Am. Chem. Soc., vol.
134, no. 38, pp. 15880–15886, 2012.2710-Pos Board B729
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Nanopore DNA sequencing is a single molecule sequencing method in which
DNA is pulled through a nanometer-sized pore, while the nucleotides modu-
late an ionic current. We use a protein pore based on Mycobacterium smeg-
matis porin A (MspA) that we developed to have sensitivity to single
nucleotides in DNA. When using the phi29 DNA polymerase to move
DNA in single-nucleotide steps through MspA, we observe a succession of
well resolved ionic current levels. Each current level is primarily determined
by the two nucleotides centered in MspA’s narrowest constriction and is par-
tially influenced by the flanking nucleotides. We present progress towards de-
coding algorithms that translate the observed ionic current patterns to DNA
sequence.
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Nanopores have become indispensable, powerful tools for bimolecular detec-
tions and molecular manipulations at single-molecule level, and they have
been realized as an alternative to current analytical devices in biomedical mo-
lecular diagnosis. With a limited number of protein nanopores available, de-
signing robust, functionally-intact protein scaffolds under various detection
conditions is a daunting challenge in developing protein nanopore-based tech-
nologies. We used ferric hydroxamate uptake component A (FhuA), a bacterial
b-barrel membrane protein as a template for protein engineering to produce an
exceptionally-functional nanopore for sampling biomolecular events in harsh
environments.
528a Tuesday, February 5, 2013FhuA has a luminal cross-section of ~3.14.4 nm and is plugged by a globular
N-terminal cork domain (C). Single-channel electrical recordings with exten-
sive protein redesign of FhuA resulted in identifying four long extracellular
loops (4L) that partially block the lumen upon the removal of the cork. The
newly engineered protein, FhuA DC/D4L, was the result of a removal of almost
33% of the total number of amino acids of the wild-type FhuA (WT-FhuA) pro-
tein. The crown achievement in this work was combining direct genetic engi-
neering with a refolding approach to produce this unusually-stable protein
nanopore. Critical to its future nanotechnological applications, FhuA DC/
D4L was functional under structure-altering conditions, including low ion con-
centration and highly acidic aqueous phase.
To tailor the FhuADC/D4L protein to the use in nanopore-based detection de-
vices, we show that the FhuA-based nanopores function as stochastic biosens-
ing elements. For example, we monitored the proteolytic activity of an enzyme
at highly acidic pH and we were able to determine the kinetics of protein-DNA
aptamer interactions at physiological salt concentration. These two assays have
not been demonstrated with the existing nanopores.
This work is funded in part by grants from the US National Science Foundation
(DMR-1006332, L.M.) and the National Institutes of Health (R01 GM088403,
L.M.).
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The maximum utility of protein nanopores in biotechnological applications is
generally dictated by the size and internal geometry of the protein. The knowl-
edge of these two parameters is imperative, particularly when extensive protein
redesign is employed to produce task-specific proteins.
Recently, we used ferric hydroxamate uptake component A (FhuA), a b-barrel
bacterial outermembrane protein, as a protein-engineering template to produce
an unusually-rigid, open nanopore (FhuA DC/D4L). This new nanopore main-
tains its stability under harsh experimental conditions. It was essential to couple
comprehensive protein redesign with protein refolding protocols to obtain such
a nanopore. With the radical revamp of the FhuA template, it was necessary to
shed light on the overall structure of the new FhuA DC/D4L protein. Thus, we
employed water-soluble, flexible poly(ethylene glycols) and dextran polymers
to inspect the interior of FhuA DC/D4L during single-channel recordings.
The addition of poly(ethylene glycols) to solution produced alterations in the
single-channel conductance, allowing for the calculation of the nanopore diam-
eter. We report that FhuA DC/D4L features an approximate conical internal
geometry with the cis entrance (extracellular) smaller than the trans entrance
(periplasmic). This finding is in accord with the asymmetric nature of the crys-
tal structure of the wild-type FhuA protein. Additionally, experiments with
impermeable dextran indicated an average internal diameter of ~2.4 nm, an
estimate based on the polymer-induced alteration of the access resistance
contribution to the total resistance of the nanopore. The insights into size and
geometry of FhuA DC/D4L deduced from these polymers experiments will
aid in future protein engineering of FhuA, opening new engineering avenues
for specific tasks in biotechnological applications.
This work is funded in part by grants from the US National Science Foundation
(DMR-1006332, L.M.) and the National Institutes of Health (R01 GM088403,
L.M.).
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We present a new biosensing device which consists of an array of flexible high-
aspect ratio magnetic structures cantilevered to a solid substrate. The structures
are 25 x 2.5 micron cylindrical silicone rods which are encased with a shell of
nickel; the silicone structure lends the rod flexibility while the nickel enables
magnetic control. Fabrication begins in a 25-micron-thick porous polycarbon-
ate track-etched membrane in which pore diameter is tuned by etching in a
sodium hydroxide solution. A gold and aluminum working electrode is sputter-
coated onto the back of the membrane, followed by electrodeposition of
100-200 nm of nickel onto the pore wall. This deposition forms a hollow nickel
cylinder which is then filled with a poly(dimethyl siloxane) core. After curing,dichloromethane is used to dissolve the polycarbonate template, resulting in
a magnetically active microrod array containing two million rods per square
centimeter. Furthermore, we demonstrate that changes in the range of motion
of the oscillation of the microrod array can be measured by monitoring optical
transmission through the sample. This allows us to monitor the aggregation
kinetics of the rod array or coagulation of an intervening fluid, leading to a
generalized platform for biosensing applications.
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Cell adhesion is an essential biological process for cell survival, differentia-
tion, and migration. There are two types of cell adhesion to the extracellular
matrix (ECM) and adhesion to adjacent cells. Cell-substrate adhesion is me-
diated through a class of receptors known as integrins. There receptors simul-
taneously connect the ECM on the outside to the actin filaments on the inside
of the cells. Another important cell adhesion is cell-cell adhesion; it is an es-
sential component of epithelial morphology, cellular communication and
function. Epithelial cells adhere tightly to their neighbors through adhesive
structures and these structures are connected to intermediate filaments micro-
filaments. This association with the cytoskeletal network is necessary for sta-
ble cell-cell adhesion and for the communication of the changes in
neighboring cells. There are many methods that can be used to measure the
changes in cell adhesion, but each has its disadvantages. Many of these
methods are based on end-point detection which don’t allow real-time detec-
tion or are based on the introduction of foreign objects which can affect the
response of cells. We have developed a non-invasive real time method using
the quartz crystal microbalance with dissipation monitoring (QCM-D) to
quantitatively monitor such cellular processes using the dissipation factor
DD. Previously, we’ve successfully tracked real time changes in cellular ad-
hesion due to induction of the EGFR pathway using the QCM-D. The QCM-D
technique can be a useful application in studying other cellular process such
as cell signaling and trafficking and can potentially be a useful in vitro method
for drug and biomarker screenings. Here we will take a look at pathways that
contribute to changes in cell adhesion through cell-ECM adhesion and cell-
cell adhesion.
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Whispering gallery mode optical resonators offer an unusual coupling of rapid
response time and ultra-sensitive biological and chemical detection. We have
improved the signal to noise ratio of microtoroid optical resonators ~1000-
fold over standard techniques by using laser frequency locking and have ap-
plied this to assay tumor progression in mice by sensing the low concentrations
of exosomes, shed by tumor cells, in serum samples collected from the animals.
Serum samples from normal or experimental mice cause no shift in the reso-
nance wavelength of the microtoroids; however, after using antibodies toward
specific tumor markers to sensitize the toroid surface, we detected changes in
the resonance frequency of the microtoroid when exposed to the serum of
tumor-implanted mice. Serum from control (tumor-free) mice caused no shift.
The wavelength shifts observed were 600 times the noise and drift of the sensor,
even for a million fold dilution of the serum sample. Analysis of the shifts
showed unitary steps of ~ 0.5 fm, suggesting that the assay may be sensitive
enough to detect individual binding events, offering a means to analyze the
size of the biomolecules that are binding to the resonator. If validated, this
approach offers a non-invasive tumor ‘‘biopsy,’’ exploiting the circulation of
blood to collect a sample of tumor surfaces without the need to find or access
the tumors.
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